The cardiac subtype of Na + /H + exchanger (NHE-1) plays an important role in the regulation of intracellular pH (pH i ) and also can be a major route for Na + influx. Although intracellular ATP is required for the optimal function of NHE-1, the regulation of the exchanger by ATP is less well characterized. This study was designed to investigate which intracellular ATP generated by oxidative phosphorylation or by glycolysis is dominant for the activation of NHE-1 in intact cardiac myocytes. Isolated guinea pig ventricular myocytes were loaded with the pH i -sensitive fluorescent indicator, 2′-7′-bis(carboxyl)-5′,6′-carboxy fluorescein (BCECF), and exposed to 20 mM 2-deoxyglucose (2-DG) or 2 mM sodium cyanide (CN) to inhibit glycolysis or oxidative phosphorylation, respectively. The activity of NHE-1 was estimated with pH i recovery following transient application of 15 mM NH 4 Cl (NH 4 Cl prepulse). After the NH 4 Cl prepulse, pH i decreased from 7.00 ± 0.03 (mean ± S.E.) to 6.60 ± 0.06 and recovered to 6.94 ± 0.13 at 10 min (n = 7). The pH i recovery was suppressed in the presence of 2-DG (6.67 ± 0.05, p < 0.01, n = 7), but was not changed in the presence of CN (6.88 ± 0.18, n = 6). Since there was no difference in the intrinsic H + buffering power, the estimation of the net acid efflux demonstrated that the activity of NHE-1 was significantly depressed in 2-DG. The inhibitory effect of 2-DG was not due to more extensive depletion of global intracellular ATP or secondary to the change in either intracellular Na + or Ca 2+ concentration. We concluded that ATP generated by glycolysis rather than by oxidative phosphorylation is essential to activate NHE-1 in ventricular myocytes. (Mol Cell Biochem 217: 153-161, 2001) 
Introduction

Na
+ /H + exchangers are ubiquitous membrane transport proteins that play a major role in the regulation of intracellular pH (pH i ) [1] . In cardiac myocytes, an isoform of Na + /H + exchanger (NHE-1) is a primary acid extrusion system and plays an important role in the recovery of pH i following an intracellular acidosis. Under physiological conditions, NHE-1 catalyzes the electroneutral exchange of extracellular Na + for intracellular H + , a process which is competitively inhibited by amiloride and its analogues [2] .
NHE-1 is also thought to be a major route for Na + uptake in cardiac myocytes and to play an important role in the regulation of intracellular Na + concentration ([Na + ] i ) [3] [4] [5] . An increase in [Na + ] i has been proposed to be a prerequisite for cell injury in several pathophysiological conditions, such as ischemia/reperfusion and digitalis toxicity because it causes Ca 2+ overload through Na + /Ca 2+ exchange [6, 7] . Indeed, in-hibitors of NHE-1 have been found to effectively protect myocardium from ischemic/reperfused injury under both in vitro and in vivo situations [8] .
The activity of NHE-1 is regulated by numerous intraand extracellular factors [1, 9, 10] . Since the fluxes through NHE-1 are driven by the combined chemical gradients of Na + and H + , the intracellular acidosis activates the exchanger [11] , while an extracellular acidosis or a rise in [Na + ] i suppresses it [12] . Additionally, various intracellular messengers such as protein kinase C (PKC), protein kinase A, Ca 2+ /calmodulin complex, and mitogen-activated protein kinase have been implicated in the regulation of NHE-1 [1, [13] [14] [15] .
The regulation of NHE-1 by ATP is less well characterized. In intact cells, ATP appears to be required for the optimal function of NHE-1. The ATP dependency of the exchanger was observed in cultured human carcinoma cells [16] , cultured rat aortic smooth muscle [17] , rat alveolar epithelial cells [18] and sheep cardiac Purkinje fiber [19] . It has been proposed that local ATP close to sarcolemmal membrane may be governed primarily by local glycolytic activity and may differ significantly from global ATP [20] . Such a mechanism could have many implications for ATP-dependent membrane processes. Previous studies have shown that membrane-bound enzymes of glycolysis can generate ATP that fuels the Na + /K + pump, sarcolemmal Ca 2+ pump, and shuts off ATP-sensitive K + channels [20] [21] [22] . Thus, the idea of ATP 'compartmentation' proposes a hypothesis that the activity of NHE-1 in cardiac myocytes relies on the ATP generated by glycolysis rather than by oxidative phosphorylation. In this regard, there are several studies which showed the importance of glycolysis in the regulation of Na + /H + exchangers [16, 19, 20] . The aim of this study was to examine which intracellular ATP generated by oxidative phosphorylation or by glycolysis is dominant for the activation of NHE-1 in intact cardiac myocytes. In the present study, we investigated the effects of selective inhibitors of oxidative phosphorylation and glycolysis on the pH i recovery due to NHE-1 in isolated guinea pig myocytes. ] i ) were also monitored to rule out glycolysis-independent mechanisms for the regulation of the exchanger.
Materials and methods
Preparation of ventricular myocytes
This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. Ventricular myocytes were isolated from female guinea pigs (400-600 g) by the method reported previously [5] . A small aliquot of myocytes placed in a bath (volume; 500 µl) was mounted on the stage of a Nikon TMD inverted microscope and superfused at a rate of 1-2 ml/min with the HEPES buffered solution that contained (in mM) NaCl 137, KCl 4, MgSO 4 1.2, glucose 10, HEPES 10, CaCl 2 2.45, and adjusted to pH 7.4 by NaOH at room temperature. The HEPES buffered solution was used to turn off bicarbonate-dependent pH i regulating mechanisms, especially Na + -HCO 3 -co-transport. For the measurement of pH i , the myocytes were loaded with 2′-7′-bis (carboxyl)-5′,6′-carboxyfluorescein (BCECF) by the exposure to the acetoxymethyl ester, BCECF/AM (0.5 µM), for 30 min at room temperature [23] Fluorescent signals were imaged using a silicon-intensified target camera (model C2400, Hamamatsu Photonics, Hamamatsu, Japan), with the output digitized to the resolution of 512 × 512 pixels by an image analysis system (Argus 50, Hamamatsu Photonics). The cells were excited via an epifluorescence illuminator from 100 W xenon lamp equipped with an interference filter. In the measurement of pH i , the exciting wavelengths were 490 and 450 nm and an emission wavelength was at 505-560 nm. Each image was the accumulation of 8 (30 sec) successive video frames and was obtained every 30 or 5 sec. The fluorescence intensity in each cell was measured in a defined cell area avoiding nuclei. Fluorescence ratios were obtained by dividing, pixel by pixel, the 490 by 450 nm image after each background subtraction. Exposure to excitation light was limited to the time of actual data collection (0.27 sec/each collection) by an electrically controlled shutter, and neutral density (ND) filters were placed in the exciting light paths to prevent photobleaching. BCECF-loaded myocytes were perfused with calibration solutions which contained 10 µM nigericin and the fluorescence ratios were linearly related to pH i from 6.5-7.5 as reported previously [23] .
For SBFI and fura-2, the exciting wavelengths were 340 and 380 nm and the emission signal at 520 nm was detected using an SIT camera and stored in a digital imaging processor. For SBFI, the in vivo calibration was performed using the calibration solutions with various Na + concentrations (5, 10, 30, 50 mM). The calibration solutions were made from appropriate mixtures of high Na + and high K + solutions containing 10 µM gramicidin and 100 µM strophanthidin [24] . For fura-2, we used in vivo calibration according to the methods described by Li et al. [25] . The measured 340/380 nm ratio of the cell was converted directly to [Ca 2+ ] i by adding a Ca 2+ ionophore, ionomycin (10 µM).
For these fluorescence indicators, the residual fluorescence intensities after treatment with 20 µM digitonin werẽ 10% of the preexposed control levels as reported previously [23] [24] [25] [26] .
Estimation of [ATP] i
Direct measurements of [ATP] i are feasible in single cells, using the chemiluminescent couple, luciferin-luciferase. However, this approach is technically difficult and has some problems [27, 28] ] i was calculated using the following equation:
where R is the measured 340/380 nm excitation ratio, R min is the ratio at 0 mM [Mg 2+ ] i , R max is the ratio at saturating [Mg 2+ ] i , K d is the dissociation constant, and S f /S b is the ratio of the excitation efficiencies of free to Mg 2+ -bound mag-fura-2 at 380 nm. In order to obtain the three constants (i.e. K d × S f / S b , R max , and R min ), we performed in vivo calibration according to the method described by Murphy et al. [31] . The dyeloaded cells were perfused with the calibration solutions containing 30 µM ionomycin and various concentrations of Mg 2+ (1, 5, 10, 25 mM). The free Mg 2+ concentration in the solution was set and determined with EGTA buffers as described by Murphy et al. [31] . We obtained K d × S f /S b = 3.675 mM, R max = 3.665, and R min = 2.03.
Experimental protocol
To investigate whether there is ATP compartmentation in the regulation of NHE-1, we examined the effects of selective inhibitor of oxidative phosphorylation or glycolysis on the activity of NHE-1. For the inhibition of oxidative phosphorylation, 2 mM sodium cyanide (NaCN) was added to the control HEPES solution. Glucose (10 mM) was present in order to fuel glycolysis. For the inhibition of glycolysis, glucose was replaced by 20 mM 2-deoxyglucose (2-DG).
To verify the selectivity of these metabolic inhibitors, cellular autofluorescence (340 nm for excitation and 520 nm for emission wave length) was monitored, since cellular autofluorescence has been known to reflect the inhibition (or stimulation) of mitochondrial oxidative phosphorylation [28, 32] . The cellular autofluorescence increased dose-dependently when the concentration of NaCN increased up to 2 mM (123 ± 5% of control) but further increases in NaCN concentration (up to 6 mM) did not cause additional increase in the cellular autofluorescence. NaCN at the concentration of 2 mM was therefore enough for the maximal inhibition of oxidative phosphorylation. In contrast, 20 mM 2-DG did not change the cellular autofluorescence even after 90 min perfusion, suggesting that 2-DG did not affect oxidative phosphorylation.
The activity of NHE-1 was estimated as the rate of pH i recovery following intracellular acidosis which was induced by the washout of 15 mM NH 4 Cl after its transient application (5 min). The changes in pH i were monitored every 2 min during the 60 min preincubation of the inhibitors or control HEPES buffered solution, and were monitored every 30 sec on the application of NH 4 Cl. The data acquisition interval after removal of NH 4 Cl was shortened to 5 sec to improve the temporal resolution.
Estimation of intrinsic H + buffering power (β) and net acid efflux (J H )
The β was estimated by two methods as described previously by Vaughan-Jones and Wu [33] . First, we calculated β using the NH 4 Cl withdrawal technique. In order to reduce errors due to acid extrusion, a blocker of NHE-1, 1 µM hexamethylene amiloride (HMA), was added to the perfusate. As we used bicarbonate-free buffer, the significant H + movement across cell membrane was negligible. The pH i recovery curve was extrapolated back to a point where it intersects the line defining the maximum initial rate of acid loading. Second, we evaluated β by stepwise removal of extracellular NH 4 Cl because β was influenced by the level of pH i . The cells were exposed to 40 mM NH 4 Cl solution in order to permit accumulation of intracellular NH 4 + . Then, the external NH 4 Cl was reduced in steps from 40 mM to zero (40, 30, 20 , 10, 5, 0 mM). This produced a stepwise fall of pH i which settled within about 1 min. The fall of pH i following each extracellular NH 4 Cl reduction was used to estimate β as follows [33, 34] ,
For the quantitative analysis of NHE-1 activity, J H was estimated during recovery from an intracellular acidosis using the equation;
where β was obtained from the stepwise reduction of NH 4 Cl and dpH i /dt was the pH i recovery rate at any given pH i (calculated by a single exponential fit).
Reagents
NaCN, 2-DG, strophanthidin, gramicidin and ionomycin were purchased from Sigma Chemical Co. Ltd. HMA was obtained from Research Biochemicals Inc. BCECF/AM, magfura-2/AM, SBFI/AM, and fura-2/AM were supplied from Molecular Probes Inc. These fluorescence indicators were used from stock solutions in DMSO. The florescence intensities of each dye were not affected largely by the change in pH i or cellular autofluorescence.
Statistical analyses
Results were expressed as means ± S.E. for the indicated number (n) of myocytes from at least 3 guinea pigs. Student's t-test and one-or two-way analysis of variance (ANOVA) were used for statistical analyses. Multiple group comparison was carried out using Bonferroni-modified t test and the probability was considered significant at p < 0.05.
Results
Role of NHE-1 on pH i recovery from intracellular acidosis
To examine the role of NHE-1 in the regulation of pH i under our experimental condition, we compared the rates of pH i recovery after an acidification by 15 mM NH 4 Cl prepulse in the absence (Cont) and presence of a NHE-1 inhibitor, 1 µM HMA (HMA). Figure 1A shows the representative recordings of pH i during NH 4 Cl prepulse protocol in Cont and in HMA. In Cont, pH i rose from 7.19 to 7.57 on the exposure of the cell to 15 mM NH 4 Cl. After the removal of NH 4 Cl, pH i fell rapidly to 6.65 and recovered to 7.08 at 10 min after the beginning of NH 4 Cl prepulse. During 60 min preincubation with HMA, the level of pH i reduced slightly but not significantly. In HMA, the time course of pH i on the exposure of the cell to NH 4 Cl was similar to that in Cont, but the recovery of pH i after the washout of NH 4 Cl was almost completely suppressed. In pooled data, pH i in Cont rose from 7.12 ± 0.03 to 7.47 ± 0.08 on exposure of the cells to NH 4 Cl, fell rapidly to 6.60 ± 0.06 on the removal of the NH 4 Cl and recovered to 6.94 ± 0.13 at 10 min (n = 7). In HMA, the pH i recovery was significantly attenuated and the pH i was 6.54 ± 0.02 at 10 min (p < 0.01 vs. Cont). Since the recovery of pH i from intracellular acidosis was confirmed to be dependent on NHE-1, we used this maneuver to estimate the activity of NHE-1.
Effects of NaCN and 2-DG on the NHE-1 activity
To investigate the contribution of glycolysis and oxidative phosphorylation in the regulation of NHE-1, we examined the effects of selective inhibitor of oxidative phosphorylation or glycolysis on the recovery of pH i from NH 4 Cl-induced acidosis. In our experiments, 50-60% of all cells were rodshaped with clear sarcomeres. After 60 min perfusion, the % of rod-shaped cells decreased to 100% (19/19 cells) in control HEPES solution (Cont), 87% (13/15 cells) in 2 mM NaCN (CN), and 89% (16/18 cells) in 20 mM 2-DG (2-DG), respectively. The cell contracture was likely to be due to rigor mechanism or Ca 2+ overload [23] , and the contracted cells were omitted from the following analyses. Figure 1B shows representative recordings of pH i in Cont, CN, and 2-DG. In CN, there was no apparent change in pH i Fig. 1 . The pH i recovery after NH 4 Cl prepulse protocol. The activity of Na + / H + exchange (NHE-1) was estimated as the rate of pH i recovery following intracellular acidosis which was induced by the washout of 15 mM NH 4 Cl after its transient (5 min) application. (A) Representative recordings of pH i during NH 4 Cl prepulse protocol. In the presence of hexamethylene amiloride (HMA), the recovery of pH i after washout of NH 4 Cl was almost completely abolished. (B) Effects of 2 mM NaCN (CN) and 20 mM 2-deoxyglucose (2-DG) on the pH i recovery. In CN, there was no change in pH i during the 60 min preincubation, and the pH i recovery curve was similar to that in control HEPES solution (Cont). In 2-DG, pH i decreased slowly during the 60 min preincubation, and the pH i recovery was obviously slowed. during the 60 min preincubation. The pH i profile during NH 4 Cl prepulse protocol was similar to that in Cont, and the pH i recovery curves were superimposed. In 2-DG, the extent of pH i change (~ 0.8 unit) during NH 4 Cl prepulse was similar to that in Cont, although pH i level prior to NH 4 Cl prepulse was low because of a gradual decrease during the 60 min preincubation. The recovery of pH i from the intracellular acidosis was obviously slowed and the pH i did not fully recover to the level prior to NH 4 Cl prepulse. In CN, pH i recovered from 6.57 ± 0.03 to 6.88 ± 0.18 at 10 min (~ 0.3 unit; n.s. vs. Cont, n = 6), whereas in 2-DG, pH i recovered from 6.60 ± 0.03 to 6.67 ± 0.05 (~ 0.07 unit; p < 0.01 vs. Cont, and p < 0.01 vs. CN, n = 7).
These results suggested that the inhibitor of glycolysis blunted the pH i recovery from intracellular acidosis, whereas the inhibitor of oxidative phosphorylation did not affect the pH i recovery.
Effects of NaCN and 2-DG on intrinsic buffering power (β)
A possibility for the difference in pH i recovery after NH 4 Cl prepulse is that β might be changed by the inhibitors. Since the increase in β reduces the pH i recovery rate, we compared β with two different ways (see Materials and methods). Figure 2 shows the βs which were estimated by NH 4 Cl withdrawal technique. There was no significant difference in mean ßs among Cont, CN, and 2-DG.
Next, we estimated β by stepwise removal of extracellular NH 4 Cl, because β is influenced by the level of pH i . At each step, calculated changes in pH i were used to estimate β. By plotting β against pH i , the following equations were obtained in each condition, Cont; β = 322.4-41.4 × pH i , CN; β = 371.2-48.3 × pH i , 2-DG; β = 373.7-48.2 × pH i .
There were no differences in the correlation between β and pH i among the three groups and these equations were used in the subsequent experiments to estimate J H at different pH i values.
Estimation of net acid efflux (J H )
To analyze the effects of the inhibitors on the pH i recovery more quantitatively, we calculated J H using βs estimated by NH 4 Cl withdrawal and by stepwise reduction techniques. Figure 3A shows J H at pH i 6.8 in Cont, CN, 2-DG and HMA. Each β estimated by NH 4 Cl withdrawal was used for the calculation of the J H . In 2-DG, the J H was much reduced compared with that in Cont (p < 0.05), and was similar to that in HMA. In CN, the J H decreased slightly but there was no significant difference from Cont.
Similar results were found in the relationship between pH i and J H in which βs were estimated by stepwise removal of extracellular NH 4 Cl (Fig. 3B) . In 2-DG, the activation curve for NHE-1 was shifted to the left and downward. On the other hand, the activation curve in CN was somewhat downshifted but the shift was not significant. The calculation of J H confirmed that the pH i recovery via NHE-1 in guinea pig ventricular myocytes was markedly reduced in 2-DG compared with that in CN.
Effects of NaCN and 2-DG on global [ATP] i
The slowing of pH i recovery by 2-DG suggests a possible dependence of NHE-1 on [ATP] i , because this agent is known to reduce [ATP] i [35, 36] . Since inhibitors of oxidative phosphorylation and glycolysis exerted different effects on NHE-1, it is possible that they had different effects on global [ATP] i .
As the quantitative estimation of the ATP levels in individual myocytes is difficult, we monitored [Mg 2+ ] i which may have reflected the reciprocal changes in [ATP] i due to the release of bound Mg with hydrolysis of the Mg 2+ -ATP complex (Fig. 4) . In Cont, the control level of [Mg 2+ ] i was 0.95 ± 0.13 mM and was constant during 60 min perfusion (0.90 ± 0.14 mM at 60 min, n = 12). The [Mg 2+ ] i in CN gradually increased from 0.87 ± 0.10 to 2.19 ± 0.37 mM during 60 min perfusion (p < 0.05 vs. Cont, n = 15). While, [Mg 2+ ] i in 2-DG did not change during 30 min perfusion but then slightly increased and reached 1.32 ± 0.12 mM at 60 min (p < 0.05 vs. Cont, n = 14). The increase in [Mg 2+ ] i was significantly greater in CN than that in 2-DG (p < 0.05). These findings suggest that global [ATP] i could be more reduced by NaCN than by 2-DG under our experimental condition. Therefore, the different effects of these inhibitors on NHE-1 can not be explained by the different levels of global [ATP] i . 
Influence of NaCN and 2-DG on [
Discussion
We examined the effect of ATP compartmentation on the regulation of NHE-1 in intact ventricular myocytes. The major finding of this study is that 2-DG apparently decreased the basal level of pH i and slowed the pH i recovery after the washout of NH 4 Cl, whereas NaCN did not affect them. Since no difference in β was found to be associated with NaCN and 2-DG by two ways of calculation, the estimation of J H demonstrated that the activity of NHE-1 was certainly more depressed in 2-DG. This is the first study to show that the activity of NHE-1 depends on the glycolytic activity in ventricular myocytes. The glycolysis-dependence of NHE-1 could affect the increase in [Na + ] i during myocardial ischemia. In cardiac Purkinje fibers, which contain more glycogen than ventricular muscle, Wu and Vaughan-Jones [19] reported that pH i recovery and the rise of intracellular Na + activity (a i Na ) following NH 4 Cl prepulse were both significantly slowed in the presence of 2-DG or iodoacetate. In this study we have verified their result in 'ventricular myocytes' more precisely using a pH isensitive fluorescent dye (BCECF). Wu and Vaughan-Jones ] i did not increase during 60 min perfusion of the selective metabolic inhibitors, and there was no difference in the levels among the three groups (p = n.s. by ANOVA). Values are means ± S.E. of 8-14 cells after 60 min perfusion. Fig. 3 . Estimation of net acid efflux (J H ). (A) J H at an identical pH i 6.8 in Cont ( , n = 7), CN ( , n = 7), 2-DG ( , n = 6), and HMA ( , n = 7). Each J H was calculated using β estimated by NH 4 Cl withdrawal technique. There was no significant difference in J H between Cont and CN. In 2-DG, the J H was much reduced compared with that in Cont, and was similar to that in HMA. Values are means ± S.E. *p < 0.05 by one-way ANOVA. (B) The relationship between pH i and J H in Cont ( , n = 7), CN ( , n = 7) and 2-DG ( , n = 6). The values of J H were calculated using βs estimated by stepwise removal of extracellular NH 4 Cl. In 2-DG, the activation curve for NHE-1 was shifted to the left and downward, whereas in CN, the shift was not apparent. Values are means ± S.E. *p < 0.05 by 2-way ANOVA. [19] also demonstrated that pH i acidified slowly on the application of 2-DG as we observed (see also Fig. 1B ). The fall of pH i during the perfusion of HMA was not significant in the present study probably due to compensation by intracellular buffering or by other pH i regulating systems. Therefore, the acidification by 2-DG would not be solely explained with the decreased acid extrusion via NHE-1. Bountra et al. [39] suggested that an inhibition of glycolysis would stimulate the aerobic respiration which leads to an excessive generation of carbonic acid. The increased carbonic acid would be hydrated intracellularly and would reduce pH i . Wu and Vaughan-Jones [19] exhibited that the pH i recovery from intracellular acidosis was slowed by cyanide. However, since cyanide had no inhibitory effect on the rise of a i Na , they concluded that cyanide did not inhibit NHE-1 and that the rise in β which was associated with an increased intracellular inorganic phosphate (P i ) levels might account for most of the slowing of pH i recovery. In our study, there was no difference in β among Cont, CN and 2-DG. The reason for this discrepancy can not be explained clearly, but it may be attributed to the difference in preparations used (e.g. Purkinje fibers vs. ventricular myocytes).
Before confirming the idea that the activity of NHE-1 dominantly depends on [ATP] i generated via glycolysis, it is necessary to rule out several other possibilities for the different effects of the inhibitors on NHE-1.
First, by monitoring cellular autofluorescence we verified that 2 mM NaCN completely inhibited oxidative phosphorylation but 20 mM 2-DG did not affect it. Then, the levels of [ 2+ interference with mg-fura-2 was reported to be over 1 µM [40] and we verified that electrical stimulation with high frequency (10 Hz) did not alter the ratio of the dye (data not shown).
Demaurex et al. [41] studied the ATP dependence of NHE-1 using the whole cell patch clamp technique, and showed that intracellular perfusion of submillimolar ATP concentrations failed to sustain NHE-1 and the half-maximal activation of the exchanger was obtained at ~ 5 mM ATP. ] i in the present study are that (1) the energy depletion was less extent (separate inhibition of oxidative phosphorylation and glycolysis), (2) quiescent myocytes were used, and (3) in guinea pig myocytes, the resting [Na + ] i is low and large Ca 2+ efflux would be favored [43] .
Finally, we could not rule out the possibility that some metabolites produced by the inhibitory effect of 2-DG on glycolytic cascade inhibited NHE-1 directly. However, a previous study showed that the depressed activity of NHE-1 after the inhibition with 2-DG and oligomycin could be readily restored with ATP present in the patch pipette [41] .
The predominant effects of ATP depletion on NHE-1 are to alter the sensitivity of the exchanger to intracellular H + level and to reduce the maximal rate of transport [41] . The cytosolic tail seems to be involved in the regulation of NHE-1, as it contains numerous potential sites of the molecule of NHE-1 for phosphorylation by some protein kinases and a Ca 2+ /calmodulin-binding site. The decrease in phosphocreatine (or increase in creatine and P i ) might also directly relate to the inhibition of NHE-1. Several mechanisms have been suggested to mediate the activation of NHE-1 by ATP, such as (i) the catalytic phosphorylation of the NHE-1 protein, (ii) free energy of ATP hydrolysis, (iii) direct ATP binding to the exchanger, and (iv) redistribution of phospholipids across the plasma membrane as reported in Na + /Ca 2+ exchange [41, 44] . However, previous structure-functional analyses have failed to elucidate the prime mechanism, since different isoforms of the exchanger and different experimental conditions have yielded conflicting results [41] .
In conclusion, our results suggest ATP generated by glycolysis rather than by oxidative phosphorylation is essential to activate NHE-1 not only in Purkinje fibers [19] but also in ventricular myocytes. It supports the idea of 'ATP compartmentation' in the regulation of NHE-1. The dependence of NHE-1 on glycolysis could also affect the changes in [Na + ] i during some pathophysiological conditions such as myocardial ischemia/reperfusion. More detailed studies should be addressed to clarify the structural and functional feature of NHE-1.
